A simple and sensitive reduced graphene oxide-modified glassy carbon electrode-based electrochemical sensor was used for the concomitant determination of gallic acid (GA) and protocatechuic (PA) acid. The prepared sensor showed a significant enhancement in synergetic electro-catalytic performance towards GA and PA oxidation. A good resolution of the voltammetry peaks was obtained and a method of square wave voltammetry was developed for detection. The modified electrode was characterized by electrochemical techniques. The optimal experimental parameters were considered. GA and PA exhibited a linear increase in the peak currents with their concentrations in the range from 20 to 144 µmol·L −1 for GA and from 20 to 166 µmol·L −1 for PA, with limits of detection (S/N = 3) of 30.8 µmol·L −1 for GA and 10.2 µmol·L −1 for PA. The sensor applicability was simultaneously tested for the analytical determination of GA and PA in mango juice and exhibited a robust functionality.
Introduction
Gallic acid (GA, 3,4,5-trihydroxybenzoic acid) and protocatechuic acid (PA, 3,4-dihydroxybenzoic acid), the most representative phenolic acids in fruits and vegetables, are strong antioxidants. They are present in a wide variety of fruits such as bananas, citrus fruits and mangoes as well as in green tea and several other plants. Recently, these phenolic acids have attracted great interest due to their scavenging ability against free radicals [1, 2] . GA has received much attention because of its multiple biological and pharmaceutical properties, such as anti-inflammatory and antitumor activity, scavenging of free radicals and protection against cardiovascular diseases [3] . GA is mostly utilized in tanning, ink dyes, the manufacturing of paper, in the food industry, and in the drug trimethoprim in the pharmaceutical industry [4] . Therefore, the accurate determination of GA is a very important concern for human health. To date, many methods have been developed for the determination of GA, such as flow injection analysis [5] , resonance light scattering [6] , reversed phase high-performance liquid chromatography (HPLC) [7] , high-pressure liquid chromatography coupled with quadrupole time-of-flight tandem mass spectrometry (HPLC-ESI-QTOF-MS/MS) [2] electrochemical sensors the partial removal of oxygenated species. Thus, rGO is prepared using the green and convenient electrochemical reduction method. This method shows improved electrochemical performance and, in addition, a thin film of rGO can be prepared [31] .
In this work, the electrochemical preparation of rGO elaborated an electrochemical sensor with satisfying selectivity, reproducibility and stability. The applicability of the sensor was tested for simultaneous quantification of gallic acid and protocatechuic acid in a real mango juice sample.
Experimental

Chemicals
All chemicals were of Analytical Reagents (AR) products. GA, PA, potassium hexacyanoferrate and the acids of buffer solutions were purchased from Sigma-Aldrich (Paris, France). Double-distilled water was used in this work. The 10.0 mM aqueous stock solutions of GA and PA were freshly prepared before use and the measured solutions were obtained prepared by dilution. The test solution was degassed prior to and during the electrochemical experiments with pure nitrogen.
Instruments
Cyclic and square wave voltammetric experiments were performed utilizing an Autolab Potentiostat/Galvanostat (PGSTAT128N) (Eco Chemie BV, Utrecht, The Netherlands) coupled with NOVA 1.10 software (Metrohm Autolab B.V., Utrecht, The Netherlands). Three electrodes, the working (bare or modified glassy carbon electrodes), the reference (Ag/AgCl, aq. KCl, 3.5 M) and the auxiliary Pt wire electrodes, were used. The pH of the solutions was measured with a pH-meter (HI 2210, HANNA Instruments, Bucharest, Romania) using a combined pH reference electrode.
Preparation of the rGO/GCE
The surface of the glassy carbon electrode was polished with 0.05 µm alumina in water using a polishing cloth until a mirror finish was achieved on the electrode surface and then it was rinsed thoroughly with double-distilled water. After that, the clean electrode was subjected to an ultrasonic bath of water and ethanol to assure the complete removal of any surface-bound impurities and then it was dried under ambient air conditions. Graphite oxide (GO) was prepared from natural graphite flakes by a modified version of the Hummer method [32] . The reduced graphene oxide (rGO)-modified electrode was prepared as follows: 1.0 mg·mL −1 GO powder was dispersed homogeneously in bi-distilled water by ultrasonication for 45 min to obtain a graphene oxide suspension. The rGO-modified electrode was then prepared by the electrochemical reduction of the GO suspension to form an insoluble thin layer of rGO on the surface of the GC electrode. This was conducted by repetitive cyclic voltammetry (CV) scanning from 0 to −1.0 V at a scan rate of 50 mV·s −1 in the degassed 0.04 M Britton-Robinson buffer solution (B-R) (pH 5.25) for 15 cycles. After that, the electrode was then carefully washed several times with water to remove the electrolyte and the monomer, and then dried at room temperature. The rGO/GCE was cleaned electrochemically after each measurement, using cyclic voltammetric scanning in a potential range of a 0.2 to 1.0 V window for 15 cycles at a scan rate of 50 mV·s −1 .
Sample Preparation
An amount of 2.0 g of pulp from golden yellow mango (The Governorate of Ismailia, Egypt) was first treated with 30% ethanol aqueous solution and then sonicated for 30 min. The solution was later filtered through Whatman paper (No. 1). After removing the lipophilic impurities by filtration, 1.0 mL of the filtrate was diluted to 25 mL (B-R) (pH 2.1) which was directly added to the electrochemical cell. The square wave voltammogram was then recorded. Figure 1 illustrates the repetitive CV cycles for the electrochemical reduction of GO-modified GCE. The voltammogram shows a cathodic reduction wave at around −0.68 V in the first cycle which was ascribed to the reduction of the surface oxygen groups [33] . During the second cycle, the reduction wave is shifted negatively and its current starts to drop exceptionally. On progressing the CV scans, the decrease of current continues until a stable baseline current is reached. This indicates that the surface-oxygen species are successfully reduced.
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Beverages 2019, 5, 17 4 of 11 Figure 1 illustrates the repetitive CV cycles for the electrochemical reduction of GO-modified GCE. The voltammogram shows a cathodic reduction wave at around −0.68 V in the first cycle which was ascribed to the reduction of the surface oxygen groups [33] . During the second cycle, the reduction wave is shifted negatively and its current starts to drop exceptionally. On progressing the CV scans, the decrease of current continues until a stable baseline current is reached. This indicates that the surface-oxygen species are successfully reduced. In order to investigate the electrochemical properties of the concerned electrodes (the bare GCE and rGO/GCE), cyclic voltammetric measurements were performed using [K3Fe(CN)6] as the electrochemical probe. Figure 2 presents the cyclic voltammograms obtained by the two studied electrodes of 1 mM [K3Fe(CN)6] solution in 0.2 M KCl solution. On comparing the bare GCE with the rGO/GCE, the redox peak currents increase, whereas the peak-to-peak separation (ΔEP) decreases using the rGO/GCE. The observed values of ΔEP for the bare and modified GCEs are 172 and 83 mV, respectively. This clearly reveals that the electron transfer on the rGO surface is much easier than for the bare GCE. This might be due to the large surface area as well as the high electric conductivity of rGO. The electrochemical properties of the modified GC electrode were investigated by CV.
The cyclic voltammograms (CVs) of 1.0 mM [Fe(CN)6] 3−/4− solution were recorded at different scan rates (data not shown) in order to determine the effective active area of the subject electrode using the Randles-Sevcik equation [34] :
where Ip is the peak current (A), n is the number of electrons in the electrode reaction (n = 1), A is the surface area of the electrode (cm 2 ), Do is the diffusion coefficient (Do = 7.6 × 10 −6 cm 2 ·s −1 ), Co is the concentration of [Fe(CN)6] 3−/4− (Co = 1.0 × 10 −6 mol·cm −3 ), and ν is the scan rate (V·s −1 ). The active surface area was calculated to be 0.051 and 0.073 cm 2 for the bare and modified electrodes, respectively. These results indicate that the active surface area of the modified GC electrode is increased by the presence of graphene (×1.45 more). In order to investigate the electrochemical properties of the concerned electrodes (the bare GCE and rGO/GCE), cyclic voltammetric measurements were performed using [K 3 Fe(CN) 6 ] as the electrochemical probe. Figure 2 presents the cyclic voltammograms obtained by the two studied electrodes of 1 mM [K 3 Fe(CN) 6 ] solution in 0.2 M KCl solution. On comparing the bare GCE with the rGO/GCE, the redox peak currents increase, whereas the peak-to-peak separation (∆E P ) decreases using the rGO/GCE. The observed values of ∆E P for the bare and modified GCEs are 172 and 83 mV, respectively. This clearly reveals that the electron transfer on the rGO surface is much easier than for the bare GCE. This might be due to the large surface area as well as the high electric conductivity of rGO. The electrochemical properties of the modified GC electrode were investigated by CV.
The cyclic voltammograms (CVs) of 1.0 mM [Fe(CN) 6 ] 3−/4− solution were recorded at different scan rates (data not shown) in order to determine the effective active area of the subject electrode using the Randles-Sevcik equation [34] :
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Electrochemical Oxidation of GA and PA
The electrochemical behavior of a solution mixture of 0.1 mM GA and PA was characterized at the GCE and rGO/GCE in Britton-Robinson buffer solution (pH 2.1) at a scan rate of 50 mV·s −1 ( Figure 3 ). On one hand, no separation of the anodic peaks corresponding to the oxidation of the two acids was obtained at the bare GCE, making the determination of the individual concentration of the acids not possible from the obtained merged peaks. On the other hand, at the modified electrode (rGO/GCE), two oxidation peaks appeared at different potentials of 555 and 650 mV with peaks separation (ΔEp) of 95 mV, corresponding to the oxidation of GA and PA, respectively. The ΔEp is large enough for the selective and simultaneous determination of GA and PA in their solution mixture. Furthermore, a remarkable increase in the peak current responses is observed with values of 12.58 and 21.44 µA for GA and PA, respectively. This enhancement in the peak currents using the rGO/GCE is attributed to the high active surface area and to the excellent electrical conductivity of reduced graphene oxide, which increases the electron transfer kinetics between the electrode and the analytes. The obtained results confirm that the rGO/GCE enhances the oxidation of the two acids, making the simultaneous determination of GA and PA in the coexistence system feasible. Thus, the rGO/GCE-based electrochemical sensor was used for simultaneous determination with good selectivity as well as high sensitivity. 
The electrochemical behavior of a solution mixture of 0.1 mM GA and PA was characterized at the GCE and rGO/GCE in Britton-Robinson buffer solution (pH 2.1) at a scan rate of 50 mV·s −1 ( Figure 3 ). On one hand, no separation of the anodic peaks corresponding to the oxidation of the two acids was obtained at the bare GCE, making the determination of the individual concentration of the acids not possible from the obtained merged peaks. On the other hand, at the modified electrode (rGO/GCE), two oxidation peaks appeared at different potentials of 555 and 650 mV with peaks separation (∆E p ) of 95 mV, corresponding to the oxidation of GA and PA, respectively. The ∆E p is large enough for the selective and simultaneous determination of GA and PA in their solution mixture. Furthermore, a remarkable increase in the peak current responses is observed with values of 12.58 and 21.44 µA for GA and PA, respectively. This enhancement in the peak currents using the rGO/GCE is attributed to the high active surface area and to the excellent electrical conductivity of reduced graphene oxide, which increases the electron transfer kinetics between the electrode and the analytes. The obtained results confirm that the rGO/GCE enhances the oxidation of the two acids, making the simultaneous determination of GA and PA in the coexistence system feasible. Thus, the rGO/GCE-based electrochemical sensor was used for simultaneous determination with good selectivity as well as high sensitivity. 
Effects of pH and Scan Rate on the Electrochemistry of GA and PA
The evolution of the oxidation peak potentials for GA and PA versus pH was studied by cyclic voltammetry between pH values 2.1 and 6.1 of B-R at the rGO/GCE (data not shown). It was revealed that the oxidation potentials of both acids were shifted negatively with the increasing pH of the solution. This shift is attributed to the participation of protons in the electrode reactions [35] . Linear relationships between the peak potential and the pH value were obtained with slope values of −52 and −50 mV/pH for GA and PA, respectively. These slopes are close to the value for the Nernst system, i.e., −59 mV/pH at 25 °C. This indicates that the overall electrode reaction proceeds through a transfer of an equal number of electrons and protons, two electrons and two protons as shown in Scheme 1 [36, 37] . Also, the anodic peak currents of the two species decrease gradually as the pH increases. This trend could be explained as follows: at low pH, the proton concentration is high and increases with the decreasing pH of the solution. This influences the ease of oxidation and enhances mass transport to the electrode surface and, in turn, increases the oxidation current. On further increase of the pH, the current begins to decrease which may be due to the repulsive interaction between the positively charged electrode surface and the highly protonated GA and PA species. Consequently, a B-R buffer solution of pH 2.1 was chosen for the sensitive determination in subsequent experiments.
The effect of the scan rate on the electrochemical peak current of GA and PA at the rGO/GCE in the range of 10 to 290 mV·s −1 was investigated by CV ( Figure 4) . A linear log-log variation, log peak current (log Ip) versus log scan rate (log υ) is obtained for both acids with a slope value of 0.48 and 0.41 for GA and PA, respectively. This indicates that the electrochemical oxidation of GA and PA is a diffusion-controlled process in nature. 
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Scheme 1.
The oxidation mechanism of polyphenol.
Simultaneous Determination of GA and PA
The analytical performance of the subject sensor was studied using square wave voltammetry (SWV) for the simultaneous determination of GA and PA in their mixture, due to its higher sensitivity and better resolution than the CV ( Figure 5 ). The key experimental parameters, such as frequency, amplitude and step potential, were optimized (not shown). The calibration plots of GA and PA show a linear increase of the current responses of the two species increasing their concentration ( Figure 5 
Interference, Repeatability and Stability Studies
The interference of the 100-fold concentration of the coexisting substances (such as citric acid, tartaric acid, glucose, ascorbic acid and oxalic acid) on the concomitant determination of GA and PA (0.1 mmol·L −1 ) in B-R solution (pH 2.1) was investigated. Less than 5% current variation was observed, suggesting that no interference occurs. Moreover, the relative standard deviation (RSD) of the current corresponding oxidation peak was equal to 4.85% for 10 continuous measurements. In addition to that, the rGO/GCE activity remained constant during the minimum period of two weeks for the simultaneous determination of GA and PA. These results indicate that the rGO/GCE displayed good stability and repeatability concerning the detection of the subject analytes.
Finally, the stability of the modified electrode was measured daily for 21 days. The peak current remained 94% of its original value during the three weeks, showing that the rGO/GCE electrochemical sensor has very good stability.
Analysis of Real Samples
The GA and PA content in a commercial mango sample was determined with the developed square wave voltammetric method in order to validate the use of the sensor based on the rGO/GCE for the simultaneous determination of GA and PA in a real sample. The standard addition method was employed in order to quantify the quantities of the gallic and protocatechuic acids in the sample with standard solutions of the acids using the earlier described method, considering the optimal parameters, and then the voltammograms were recorded. The obtained results are shown in Figure  6 . In these experiments, successive amounts of standard GA and PA solutions were added to the test solution. The total content of GA and PA in the dried commercial mango sample is expressed as milligrams of GA and PA equivalents. It was estimated to be 2.4 mg·g −1 dry weight (DW) and 5.4 mg·g −1 DW for GA and PA, respectively.
Conclusions
A reliable and simple electrochemical method was presented in this study for the simultaneous determination of gallic acid and protocatechuic acid using the electrochemically synthesized reduced graphene oxide. The rGO/GCE exhibited much improved electrocatalytic oxidation behavior and good resolution towards the selective oxidation of these acids. The outstanding electrocatalytic properties of the rGO/GCE probably make it a promising candidate for the sensitive and selective electrochemical sensing of these acids in fruit juice (mango). 
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